The receptor-interacting protein kinase 1 (RIP1) functions as a key regulator for NF-κB activation, apoptosis and necroptosis induced by tumor necrosis factor (TNF-α). [1] [2] [3] [4] Upon TNF-α activation, ligation of TNFR1 recruits pro-survival components including RIP1, TRADD, TRAF2 and NEMO to activate NF-κB signaling pathway, even though RIP1 requirement for NF-κB activation is controversial. [5] [6] [7] [8] [9] When NF-κB activation is impaired, RIP1 recruits TRADD to associate with FADD, which then activates Caspases to execute apoptosis. [10] [11] [12] [13] [14] [15] [16] When apoptosis is inhibited by blocking Caspase-8 or FADD, RIP1 triggers necroptosis through assembling the necrosome complex with RIP3 and MLKL. [17] [18] [19] RIP1 is a serine/threonine kinase with an N-terminal kinase domain, a RIP homotypic interaction motif (RHIM) and a C-terminal death domain (DD). Kinase activity of RIP1 is essential for necroptosis signaling, which can be blocked by RIP1 kinase inhibitor necrostatin-1 (Nec-1). 20 RIP1 kinase activity is also required for apoptotic cell death under certain conditions. For an instance, apoptosis induced by TNF-α and Smac mimetics can be inhibited by Nec-1, suggesting that RIP1 kinase activity is indispensable for apoptosis under this condition. [21] [22] [23] In addition to the roles of RIP1 kinase in necroptosis and apoptosis signaling pathways, a recent study revealed a novel role for RIP1 kinase activity in mediating TNF-α production under certain conditions, 24 indicating that RIP1 kinase activity may serve more functions. Structural studies reveal that the kinase domain of RIP1 contains a canonical kinase fold with the catalytic triad residues Lys45/ Glu63/Asp156, a P-loop comprising residues 24-31 and a catalytic loop comprising residues 136-143. 25 In agreement with the structural studies, cells expressing mutation K45A in the catalytic triad residues or D138N in the catalytic loop showed reduction in kinase activity and resistance to necroptotic death in vitro and in vivo. 26, 27 Whether residues 24-31 in the P-loop structure are essential for RIP1 kinase activity remains unknown.
Although ablation of Rip1 in mice results in perinatal death, 28 mice expressing a kinase-dead mutant (K45A or D138N) survive to adulthood, suggesting that kinase activity of RIP1 is dispensable for development. 26, 27, 29, 30 Recent genetic studies showed that deletion of Rip1, Rip3 or Mlkl rescues embryonic lethality of Fadd-or Caspase-8-deficient mice. [31] [32] [33] [34] [35] Mice with concurrent ablations of Rip1 and Fadd or Caspase-8 have the same perinatal death as Rip1 −/− mice, while Rip3 mice can survive to adulthood, indicating that FADD/Caspase-8 is critical for embryogenesis via inhibiting RIP1-/RIP3-/MLKL-dependent necroptosis. 28, 29, 31, 32, 36 Although it is required for necroptosis signaling, a role of RIP1 kinase activity of RIP1 on the development of Fadd-deficient mice has not been demonstrated. In this study, we generated two different RIP1 kinase inactive mutants and evaluated their impacts on embryogenesis of Fadddeficient mice.
Results
RIP1 kinase-dead (RIP1 K45A ) mutant has little effect on embryonic lethality of Fadd-deficient mice. To study the roles of RIP1 kinase activity in necroptosis of Fadd-deficient mice, we generated RIP1 kinase-dead knockin mice with point mutation in the catalytic lysine K45 (Rip1 
Rip1
K45A/K45A mice might die in utero (Figure 1a ). Subsequently, we examined embryos at various times during gestation and found that Fadd
K45A/K45A embryos died around embryonic day 11.5 just like Fadd −/− embryos (Figures 1b and c) . Thus, although kinase-dead RIP1 K45A blocks necroptotic signaling in certain context, a putative RIP1 kinase activity-independent signaling pathway mediates the embryonic lethality of Fadd-deficient mice.
RIP1
Δ , a novel RIP1 kinase-dead mutation, abolishes TNF-induced necroptosis in vitro while is dispensable for cerulein-induced pancreatitis. The X-ray crystal structure of the RIP1 kinase domain shows that the kinase fold of RIP1 contains the catalytic triad residues Lys45/Glu63/Asp156, the key residues in the P-loop (residues 24-31) and the catalytic loop (residues 136-143). 25 In line with the structure of RIP1 kinase domain, previous studies have shown that RIP1 K45A and RIP1 D138N were kinase-dead mutants, which abolished necroptosis signaling in vitro and in vivo. 26, 27 However, whether disrupting the RIP1 P-loop could also affect its kinase activity remains undefined. To address this question, we generated a RIP1 kinase domain mutant, RIP1
Δ , in which only two amino acids G 26 F 27 in the P-loop of RIP1 were deleted (Supplementary Figure S1b) . These two amino acids are highly conserved in many species, including Homo sapiens, Mus musculus, Danio rerio as well as Xenopus laevis (Supplementary Figure S1b) . Although RIP1 kinase substrates have not been formally identified, previous studies have verified that RIP1 can be autophosphorylated. 20, 26, 27 To test whether RIP1
Δ has lost the kinase activity, we examined RIP1 autophosphorylation in mouse dermal fibroblasts (MDFs) treated by TNF plus Smac mimetic and zVAD. As shown in Figure 2a, Figure S1c) . Compared to WT mice, multiple tissues from both Rip1 K45A/K45A mice and Rip1 Δ/Δ mice showed mild decreased levels of RIP1 proteins (Supplementary Figure S1d) . Furthermore, we observed that myeloid cells, T cells and B cells from Rip1 Δ/Δ mice were present in normal proportions as WT mice (Supplementary Figures S2a and b) . Given the fact that RIP1 interacts with RIP3 through its RHIM domain, [37] [38] [39] we tested whether RIP1 Δ had impaired interaction with RIP3 when RIP1
Δ and RIP3 were overexpressed in 293T cells. Co-immunoprecipitation of RIP1 Δ and RIP3 (Supplementary Figure S3) indicates that the physical , Rip1
Δ/Δ and control wild-type mice were treated as indicated for 3 h with DMSO, mouse TNF-α (100 ng/ml)+Smac mimetic (1 μM)+zVAD (20 μM) or mouse TNF-α+Smac mimetic+zVAD+Necrostatin-1(30 μM), respectively. Cell lysates were collected and subjected to western blot analysis of RIP1, p-RIP1 and β-actin levels. (b) Autophosphorylation of RIP1 requires its kinase activity. Over expression constructs of Flag, Flag-tagged RIP1, RIP1 K45A and RIP1 Δ were transfected into 293T cells. Cell lysates were subjected to western blot analysis using the anti-p-RIP1 (S166) antibody. Δ had impaired necroptotic signaling in vitro. Previous reports have shown that induction of necroptosis in HT29 cells, L929 cells and MEFs can trigger nuclear translocation of MLKL. 44 Concomitantly, we also observed that MLKL translocated to nuclei at the early stage (1 h) of TSZ-induced necroptosis. However, as shown in the bottom section of Figure 3b , there was no nuclear translocation of MLKL in TSZ-treated Rip1 Δ/Δ MDFs. These findings suggested that RIP1
Δ could inhibit the necropototic signaling through blocking phosphorylation, oligomerization or nuclear translocation of MLKL in vitro. Previous works have shown that Rip3 or Mlkl knockout mice were protected from cerulein-induced acute pancreatitis in vivo. 18, 45 We investigated whether RIP1 Δ could defend against this pathology. However, Rip1 Δ/Δ mice showed severe tissue damage and high levels of serum amylase activity as WT littermate controls, while these effects were largely prevented in Rip3 knockout mice (Figures 4a and b) . These results suggested that there may be additional mechanisms rather than kinase activity of RIP1 in mediating necroptosis signaling in cerulein-induced acute pancreatitis mouse model.
Homozygous Rip1
Δ/Δ can rescue embryonic lethality of Fadd −/− mice at E10.5, and Fadd −/− Rip1 Δ/Δ mice eventually die at E16.5. As Fadd −/− Rip1 K45A/K45A mice did not display any improved survival versus animals lacking Fadd alone, suggesting that the embryonic lethality caused by loss of Fadd was not due to RIP1 K45A -abolished signaling. We asked whether RIP1 Δ , the novel kinase-dead mutant, had distinct functions on embryonic development of Fadd −/− mice. After crossing Rip1 Δ -mutant allele into Fadd +/ − mice, we observed that no Fadd −/− Rip1 Δ/Δ mice were identified among 96 perinatal pups from Fadd (Figures 5d and e) . Additionally, previous studies suggested that FADD could protect cells from RIP3-dependent necroptosis and prevent upregulation of cytokine and chemokine expression in vivo. 46 Therefore, we examined cytokine and chemokine expression in fetal livers of Fadd −/− Rip1 Δ/Δ and littermate control Rip1 Δ/Δ mice. Notably, we observed that cytokine and chemokine expression at E14.5 had significantly increased in Fadd
Rip1
Δ/Δ fetal livers compared to that in Rip1 Δ/Δ fetal livers (Figure 5f ). These results indicated that massive cell death and unregulated cytokine and chemokine production resulted in the Fadd
Δ/Δ fetal liver degeneration. Given that endothelial cell necroptosis is prominent in Caspase-8-or Fadd-deficient embryos. 47, 48 We next checked the yolk sac vasculature in all genotyped mice. We found that the yolk sac vasculature was scarce and weak in Fadd −/− Rip1 Δ/Δ embryos at E14.5-E15.5 (Figure 5g ). To further investigate whether 
Δ/Δ cells are more resistant to necroptosis than Rip1 K45A/K45A cells. RIP1 K45A and RIP1 Δ contain different RIP1 mutations in various regions essential for RIP1 kinase activity. Genetic studies showed that RIP1 Δ could rescue the lethality of Fadd −/− mice to E16.5, while RIP1 K45A has little effect on the lethality of Fadd −/− mice. To investigate mechanism underlining this phenotypic difference, we treated WT, Rip1 K45A/K45A and Rip1 Δ/Δ MDFs with TNF-α/Smac/zVAD for time course or with gradient concentration of TNF-α. We have observed that cell death was largely suppressed in both Rip1 K45A/K45A and Rip1 Δ/Δ MDFs when the cells were treated for 2-6 h or with low concentration of TNF-α (Figure 6c ; Supplementary Figure S7b) . However, when we prolonged treatment time for 8-24 h or used high concentration of TNF-α, resistance of Rip1 K45A/K45A MDFs to necroptosis was much weaker than that of Rip1 Δ/Δ MDFs (Figure 6d ; Supplementary Figure S7b) . In necroptotic cells, RIP3 and MLKL could be phosphorylated and form oligomers upon treatment with TNF-α/Smac/zVAD. We performed western blot analysis on phosphorylation and oligomerization of RIP3 and MLKL following 8 h treatment. Consistent with the cell death results, phosphorylation and oligomerization of RIP3 and MLKL were detectable in Rip1 K45A/K45A MDFs, but not in Rip1 Δ/Δ cells (Figure 6e ). This may explain that RIP1 K45A and RIP1
Δ have distinct impacts on the lethality of Fadd −/− mice, even though both of them show reduced kinase activity.
Collectively, these data suggested that RIP1 Δ blocks necroptosis signaling more thoroughly than RIP1 K45A , while neither of them is sufficient to block necroptosis in the absence of FADD in vivo, which provides a putative mechanism for their distinct impacts on the lethality of Fadd-deficient mice.
Discussion
The catalytic triad residues Lys45/Glu63/Asp156, the key residues in the P-loop (residues 24-31) and the catalytic loop (residues 136-143), as functional subunits in the kinase domain of RIP1, are critical for RIP1 kinase activity. 25 In this study, we have demonstrated that RIP1 Δ contains a novel RIP1 kinase inactive mutation in the P-loop of kinase domain (Figures 2a and b; Supplementary Figure S1b) . Consistent with previous studies on other kinase-dead mutations of RIP1, 15, 16 our study showed that the P-loop of RIP1 played an essential role in mediating TNF-induced necroptosis, indicating that RIP1
Δ was nearly parallel to RIP1 K45A or RIP1 D138N roles in necroptosis (Figures 2c-f ; Supplementary Figures  S6c and d) . Recent report showed that K45A mutation of RIP1 resulted in poor necroptosis in macrophage. 49 Consistent with this study, we here demonstrated that Rip1 K45A/K45A cells were significantly, but not completely, resistant to necroptotic stimulation by TNF/Smac/ZVAD (Figures 6d and e;  Supplementary Figure S7b) . Interestingly, Rip1
Δ/Δ cells were more resistant to necroptosis than Rip1 K45A/K45A cells under certain conditions, suggesting that RIP1
Δ was a more effective kinase-dead mutation than RIP1 K45A on blocking necroptosis signaling.
Prior studies reported that inhibiting RIP1 with Nec-1 or RIP1 KD mice did not ameliorate cerulein-induced pancreatitis. 50, 51 We found that the RIP1 P-loop deficiency also did not ameliorate cerulein-induced pancreatitis. In contrast to Newton et al. reports, 51 our study showed that Rip3 −/− protected mice from cerulein-induced pancreatitis (Figures 4a and b) . We speculate that the differences in colony microflora between particular animal facilities may account for these controversial results.
Previous reports have shown that RIP1 promoted TNFRmediated lethality at E10.5 in animals lacking Fadd or Caspase-8. 29 Deletion of Rip1 could prevent embryonic lethality of Fadd-or Caspase-8 deficient mice. 28, 29, 36 Our genetic study clearly demonstrated that distinct RIP1 kinasedead mutations acted differently on embryonic development of Fadd −/− mice. RIP1 K45A had little effect on the lethality of Fadd deficiency (Figures 1a-c 
Rip1
Δ/Δ embryonic lethality by deletion of Rip3 or Mlkl in the future.
In summary, we identified a novel RIP1 kinase-dead mutant by altering the P-loop in kinase domain of RIP1, and subsequent genetic studies demonstrated that distinct kinase-dead mutations had different impacts on the embryonic development of Fadd −/− mice. The distinct differences between various mutants might depend on their extents of resistance to necroptosis signaling. Thus, the roles of kinase activity of RIP1 on Fadd-deficient embryos need to be further clarified by other kinase defective mutants or via various genetic combinations. Our findings also implicate that RIP1 kinase activity, as an attractive target for treatments of diseases, needs to be clarified for developing specific inhibitors to treat disease. . Anti-phospho-RIP3 antibody (mouse) was generated in our lab and immunoaffinity-purified. Cell viability was determined by measuring ATP levels using Cell Titer-Glo kit (Promega, Madison, WI, USA).
Mice. Mice were housed in a specific pathogen-free facility, which belongs to Institute for Nutritional Sciences. Fadd −/− mice (C57BL/6) were gifted by Dr. Jianke Zhang (Thomas Jefferson University, Philadelphia, USA), and Rip3 −/− mice (C57BL/6) were provided by Dr. Xiaodong Wang (NIBS, Beijing, China). Animals were subsequently backcrossed on a C57BL/6 background for at least 10 generations. A novel mutant, RIP1
Δ , was obtained from the experiment with two amino acids G 26 F 27 in the P-loop of RIP1 deleted. To generate Rip1
, Rip1 −/− mice by crispr-cas9 mutation system (Bioray Laboratories Inc., Shanghai, China), different sgRNA were designed to target RIP1 kinase domain. (Rip1 Δ/Δ mutant with gRNA: 5′-GACCTAGACAGCGGAGGCTT-3′; Rip1 K45A/K45A mutant with gRNA: 5′-GCCCTGTGTATACTTTTTTC-3′; Rip1 −/− with gRNA: 5′-GATGGCATCCAGTGACCTGC-3′). Additional information is provided upon request. All mutant mice and WT mice used in these studies shared a common genetic C57BL/6 background. Animal experiments were conducted in accordance with the guidelines of the Institutional Animal Care and Use Committee of the Institute for Nutritional Sciences, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences (CAS), University of Chinese Academy of Sciences.
Cerulein-induced acute pancreatitis. Male WT, Rip3 −/− and Rip1 Δ/Δ mice littermates at 8 weeks of age (n = 7) were treated every hour for 12 consecutive hours with cerulein (50 μg/kg, Sigma) intraperitoneal injection. Animals were assayed 24 h after the first injection. Serum amylase activity was assayed by amylase activity assay kit (Sigma).
Isolation and culture of MDFs, MEFs, BMDMs and thymocytes. MDFs were separated from the skin of newborn mice, and MEFs were isolated from E13.5 to E14.5 embryos. MDFs and MEFs were cultured in DMEM medium supplemented with 10% FBS and penicillin/streptomycin. BMDMs from isolated bone marrow cells collected from mouse femurs and tibias were induced to differentiate in vitro. Bone marrow cells were cultured for 7 days in RPMI medium containing 10% FBS, penicillin/streptomycin and 50 ng/ml M-CSF, and medium was changed every 2 days. Thymocytes were isolated from thymus and cultured in RPMI medium containing 10% FBS, penicillin/streptomycin and 50 μM β-ME.
Immunoblotting and immunoprecipitation. Cells were harvested at different time points, washed with PBS and lysates with 1 × SDS sample buffer containing 100 mM DTT and boiled for 5 min at 95°C for reducing gel. For mouse tissue protein extraction, E14.5 fetal liver and other tissues were ground by pestle and mortar with liquid N 2 , and the protein was extracted with RIPA lysis buffer. The lysates were cleared by centrifugation for 20 min at 13 200 × g, quantified by BCA kit (Thermo Scientific, Rockford, IL, USA) then mixed with SDS sample buffer and boiled at 95°C for 5 min. The samples were separated using SDS-PAGE, transferred to PVDF membrane (Millipore, Darmstadt, Germany) with 100 v for 2 h. The proteins were detected by using a chemiluminescent substrate (Thermo Scientific). To immunoprecipitate RIP1, cell extract protein was incubated for 3 h with 5 μl of RIP1 antibody (BD Biosciences). After mixing end over end for overnight (4 1C) with 30 μl of G-Agarose beads, the agarose was collected and washed three times with cell lysis buffer (Tris-HCl 20 mmol/l (pH 7.5), NaCl 150 mM, EDTA 1 mM, EGTA 1 mM, Triton X-100 1%, Sodium pyrophosphate 2.5 mM, β-Glycerrophosphate 1 mM, NaVO 4 1 mM, Leupeptin 1 μg/ml.). Immunoprecipitates were denatured in SDS, subjected to SDS-PAGE, and immunoblotted.
RIP3 and MLKL oligomerization detection. The cells were cultured in six-well plates and treated with indicated stimuli. Cells were harvested at different time points and lysed with 2 × DTT-free sample buffer (Tris-Cl (PH 6.8) 125 mM, SDS 4%, Glycerol 20%, Bromophenol blue 0.02%) immediately. Total cell lysates were separated using SDS-PAGE, and transferred to PVDF membrane (Millipore), and western blotting was performed with RIP3 or MLKL antibodies.
Flow cytometry. Antibodies against mouse CD3, CD4, CD8, CD19, Mac-1 and Gr-1 from eBioscience (Carlsbad, CA, USA) were fluorescence-conjugated and were used for flow cytometry analysis in this study. We prepared single-cell suspension from lymph nodes, spleen and thymus, respectively, and stained them with fluorescence-conjugated antibodies for half an hour in staining buffer. After staining, cells were immediately analyzed by flow cytometry (FACSAria III, BD Biosciences).
Immunofluorescence. MDFs were plated overnight on coverslips before various stimulations. After stimulation, cells were washed with PBS and fixed with 4% PFA in PBS for 15 min. Next, the cells were blocked with 0.3% Triton X-100 and 5% normal donkey serum (Jackson immunoResearch, Baltimore Pike, West Grove, PA, USA) for 1 h at room temperature, then followed by first antibody incubation at 4°C for overnight. Signals were developed with Alexa fluorescence antibodies (Invitrogen). Finally, the cells were stained with DAPI for 10 min. Confocal microscopy analysis was performed using a Zeiss 710 laser-scanning microscope (Zeiss, Thornwood, NY, USA).
